-Antenatal steroid administration is associated with multiple cardiometabolic alterations, including hypertension; however, the mechanisms underlying this phenomenon are unclear. The aim of the present study was to ascertain, in vivo, the contribution of the endothelin system to the development of hypertension in the adult offspring and the signaling pathway involved. Pregnant sheep were treated with two doses of betamethasone (n ϭ 23) or vehicle (n ϭ 22) at 80 days (ϳ0.55) gestation and allowed to deliver at term. Adult sheep were chronically instrumented under general anesthesia to place vascular catheters and a femoral artery flow probe. Blood pressure and flow were recorded continuously, and femoral artery vascular resistance was calculated before and during administration of endothelin 1 (ET-1). Selective blockers (dantrolene, BQ123, niacinamide) or saline were administered simultaneously. Betamethasone-exposed animals exhibited a significant elevation in mean blood pressure (female: 98 Ϯ 1.8 vs. 92 Ϯ 2.1; males: 97 Ϯ 3.4 vs. 90 Ϯ 2.3; mmHg; P Ͻ 0.05). ET-1 elicited a significant increase in blood pressure (F ϭ 56.4; P Ͻ 0.001) and in vascular resistance (F ϭ 44.3; P Ͻ 0.001) in all groups. A betamethasone effect in the vascular resistance response to ET-1 (F ϭ 25.7; P Ͻ 0.001) was present in females only, and the effect was partially blunted by niacinamide (F ϭ 6.6; P Ͻ 0.01). Combined administration of niacinamide and BQ123, as well as of dantrolene abolished the betamethasone effect on vascular resistance. No significant differences in mRNA expression of ET A or ETB in endothelial or smooth muscle cells of resistance-size arteries were observed. We conclude that the betamethasone effect on vascular resistance is mediated by an enhanced response to ET-1 through ET A receptor via the cyclic ADPR/ryanodine pathway. betamethasone; sheep; endothelin; FK-506 binding protein 12.6; ryanodine channel; vascular resistance ANTENATAL STEROID ADMINISTRATION for accelerating fetal lung maturation has been in use for more than 30 years (16, 18); however, controversy still exists regarding potential long-term side effects (8). Antenatal steroid exposure is associated with multiple cardiometabolic alterations, including hypertension, which are thought to have been programmed in utero. Although clinical and experimental studies do support a fetal programming mechanism for adult onset hypertension, the causes and mechanisms underlying this phenomenon are unclear. Studies to date implicate reduced nephron endowment, alterations in the renin-angiotensin system (RAS), and programming of endocrine and/or neural systems as causative in the elevation of blood pressure (1). In animal models antenatal administration of glucocorticoids is associated with elevations in blood pressure (7) and increased vascular reactivity (24). In humans, following one course of antenatal glucocorticoid administration an elevation in blood pressure without obvious additional adverse effects was reported in children 14 years of age (8). Our laboratory has shown that antenatal betamethasone exposure in sheep at 80 days of gestational age is associated with higher arterial blood pressure (10, 28) and increased sensitivity to the vasoconstrictive effects of endothelin (ET-1) in vitro (23) in male and female offspring. An alteration in ET-1 function and/or regulation has been implicated in the development of hypertension in humans (26), and there is evidence, indicating that glucocorticoids increase the sensitivity to ET-1 and receptor expression in vascular smooth muscle in several animals (15, 19) . The aim of the present study was to ascertain in vivo the contribution of the endothelin system to the development of hypertension in adult sheep exposed antenatally to glucocorticoids and to characterize the receptor subtype and signaling pathway involved in the pathogenesis of hypertension.
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MATERIALS AND METHODS
Pregnant sheep received two doses of 0.17 mg/kg of a 1:1 mixture of betamethasone acetate and betamethasone phosphate (Celestone Soluspan) or vehicle. Intramuscular injections were given 24 h apart at 80 and 81 days of gestation, i.e., 0.55 of gestation (term gestation is 145 days). Following the injection, sheep were maintained with free access to food and water in open pasture. Lambs were weaned at 2 mo of age after spontaneous term delivery and raised in sex-specific enclosures. At 12 mo of age, sheep were brought to the laboratory for the in vivo studies. Under isoflurane general anesthesia, sheep were fitted with a single-or a double-lumen nonocclusive catheter and a perivascular Transonic flow probe (Transonic Systems, Ithaca NY) in the left femoral artery. The arterial catheter was advanced through the saphenous artery; the tip was placed at the point of origin of the femoral artery, and the flow probe was placed just below the tip of the catheter. Catheters were also placed in the right femoral artery, in both femoral veins and in one jugular vein, as previously described (10) . Animals of both sexes were studied with their gonads intact as two different cohorts over 2 yr. In the first cohort, we studied 14 males and 21 females, and in the second cohort, we studied only 10 females. To remove the potential effects of the cyclical endocrine changes associated with estrous cycle in females, all studies were performed under hormonal conditions mimicking luteal phase by the insertion of a vaginal progesterone implant (Eazi-Breed CIDR; Pfizer Animal Health, New York, NY ) were increased every 10 min. Infusion of drugs expected to modulate the ET-1 response were started 1 h prior and maintained during the ET-1 dose-response experiment. The ET A antagonist BQ123 (300 nmol/ min) and the adenosine diphosphate ribose (ADPR) cyclase inhibitor niacinamide (6 mg·kg Ϫ1 ·min Ϫ1 ) were prepared in 0.09% NaCl and administered alone or in combination through a venous catheter. Dantrolene, a ryanodine channel blocker, was prepared in 0.05% mannitol solution in water at pH 9.5 and administered through the double lumen catheter as a continuous infusion into the left femoral artery at a rate of 0.3 mg/min. Blood pressure and femoral blood flow were recorded continuously, and femoral artery vascular resistance was derived from these two variables.
Endothelin receptor mRNA expression. At the time of necropsy, we harvested second-and third-generation arteries from the brachial vascular bed and dissected them free of connective tissue. Half of the arterial segments were slit open, and the endothelium was removed by rubbing with a cotton swab. After rinsing in sterile saline, segments were frozen in liquid nitrogen and stored at Ϫ80°C. Analysis of gene expression was performed using RT-PCR. RNA from brachial arterial segments was isolated using the RNeasy kit (Qiagen, Santa Clarita, CA), followed by RNase-free DNase I digestion. The expression of specific genes was examined by PCR amplification of the complementary DNA. Ovine cDNA sequences found in GenBank for ET A (AF416703), ETB (AF349439), and endothelial nitric oxide synthase (eNOS) (AF201926) was used for synthesis of forward and reverse PCR primers. Equal amounts of total RNA (100 ng per reaction) was assayed in triplicate for transcripts encoding each gene of interest using the one-step RT-PCR kit (no. 4309169, TaqMan; Applied Biosystems, Foster City, CA). For the relative quantification of gene expression, the comparative threshold cycle (C T) method was used. All mRNA data are expressed as the ratio of the denuded artery over the endothelium intact artery.
Statistical analysis. Data are expressed as means Ϯ SE and were analyzed by either two-or three-way ANOVA to account for treatment effect (betamethasone vs. control), sex, ET-1 dose (8 levels), and modifier (vehicle, BQ-123, niacinamide, or dantrolene), using the statistics module in SigmaPlot 12 (Systat Software, San Jose, CA). The Holm-Sidak test was used for post hoc multiple comparisons. In the subset of females treated with the ET A receptor antagonist BQ123, we found that ET A blockade significantly increased FBF in the absence of changes in arterial blood pressure resulting in a significant decrease in FVR in betamethasone-exposed sheep (Fig. 1) . The administration of niacinamide for 1 h was devoid of effects on MAP, FBF, and FVR. Similarly, niacinamide did not significantly modify the effect of BQ123 when both were administered simultaneously for 1 h.
RESULTS

Basal
Cardiovascular responses to endothelin infusion. MAP increased in a dose-dependent manner in response to ET-1 infusion in all experimental groups (Fig. 2) . Using three-way ANOVA, we found an overall ET-1 effect (F ϭ 56.4, P Ͻ 0.001) and a betamethasone effect (F ϭ 25.7, P Ͻ 0.001), but no significant sex effect on the blood pressure response to ET-1. Mean FBF was significantly decreased by ET-1 in all groups (F ϭ 40.1 P Ͻ 0.001, data not shown). By three-way ANOVA, there was a significant sex ϫ betamethasone treatment interaction in FBF (F ϭ 12.0, P Ͻ 0.001), with the betamethasone treatment effect being statistically significant only in females (t ϭ 6.3, P Ͻ 0.01). As shown in Fig. 3 , the calculated mean FVR was significantly increased by ET-1 in all groups (F ϭ 44.3, P Ͻ 0.001). However, as in the case of FBF, a significant sex ϫ treatment interaction (F ϭ 16.7, P Ͻ 0.01) was detected in the FVR response to ET-1. Thus, the overall betamethasone effect was statistically significant only among females in post hoc analysis (t ϭ 8.4, P Ͻ 0.05).
Niacinamide effects on ET-1 responsiveness. Niacinamide administration modified the response to ET-1 in both vehicle and betamethasone animals. Compared with vehicle-treated sheep, betamethasone-exposed female and male sheep still exhibited a significant elevation in MAP (F ϭ 48.1 and 24.6, P Ͻ 0.01), a decrease in FBF (F ϭ 41.6 and 11.2, P Ͻ 0.01), and an increase in FVR (F ϭ 32.7 and 6.6, P Ͻ 0.01). Furthermore, niacinamide administration was associated with a change in the shape of the FVR dose-response curve. As shown in Fig. 4B , the niacinamide effect on FVR was manifested as a decrease in ET-1 sensitivity at low doses and an increase at the higher doses. When niacinamide effects were compared with the response to ET-1 alone, in all groups there was a crossover at the 6.5 ng·kg Ϫ1 ·min Ϫ1 dose (Figs. 5 and 6). Analysis of the segment of the curve before the crossover revealed a significant ET-1 effect (F ϭ 13.2; P Ͻ 0.001), a significant betamethasone effect (F ϭ 23.2; P Ͻ 0.001), and a significant niacinamide effect (F ϭ 6.6; P Ͻ 0.01) only in female sheep (Fig. 5) .
Dantrolene effects on ET-1 responsiveness. The continuous infusion of dantrolene, started 1 h prior and maintained during the ET-1 infusion, decreased, but did not abolish, the overall response to ET-1 on FVR. Fig. 4 shows the data for females, which show that dantrolene significantly decreased the ET-1 effect on FVR from 1.5 Ϯ 0.06 (Fig. 4A ) to 0.9 Ϯ 0.1 (Fig. 4C ) in the overall mean response and from 2.7 Ϯ 0.3 ( Fig. 4A ) to 1.5 Ϯ 0.4 (Fig. 4C) for the maximum response in the betamethasone-treated group. In vehicle-treated females, dantrolene decreased the overall mean response in FVR from 1.0 Ϯ 0.03 (Fig. 4A ) to 0.9 Ϯ 0.05 (Fig. 4C ) and the maximum response from 1.7 Ϯ 0.1 (Fig. 4A ) to 1.5 Ϯ 0.1 (Fig. 4C ) (mmHg·min·ml Ϫ1 ; Fϭ 19.4 P Ͻ 0.01). In contrast, dantrolene had no effect on the FVR response to ET-1 in males (Fig. 6) . In female sheep, dantrolene completely negated the betamethasone effect on the vascular resistance response to ET-1 by significantly decreasing vascular resistance to a greater extent than in the vehicle-treated sheep (Fig. 5) . The dantrolene effect was observed in the absence of significant changes in MAP (data not shown). Three-way ANOVA revealed that despite dantrolene coadministration, there was still a significant overall ET-1 effect on MAP (F ϭ 25.6; P Ͻ 0.01) and FBF (F ϭ 8.8; P Ͻ 0.01) (data not shown). The analysis also revealed a significant sex ϫ treatment interaction in FBF and FVR (Fϭ 10.6; P Ͻ 0.01). Combined ET A blockade and niacinamide effects on ET-1 responsiveness. We used the ET A receptor blocker to identify the ET-1 receptor subtype playing a more prevalent role in the betamethasone effect in females. By combining the ET A receptor blocker with niacinamide, the residual effect of ET-1 represents predominantly ET B receptor activation and is expected to be mediated mostly by inositol 1,4,5-trisphosphate (IP 3 ) generation. As shown in Fig. 7 , simultaneous administration of niacinamide and BQ123 diminished the ET-1 effect on FVR in both vehicle and betamethasone-exposed sheep. However, the effect was more pronounced in the betamethasone-exposed animals, resulting in a complete disappearance of the betamethasone effect on the FVR response to ET-1. Figure 7 also shows that the combination of the ET A receptor blocker with the ADPR cyclase inhibitor had an effect on ET-1 response similar to that of dantrolene, suggesting that the betamethasone effect is accounted predominantly by the ET A receptor and the ryanodine receptor (RyR) channel.
Endothelin receptor and eNOS mRNA expression in arteries. No significant differences in mRNA expression for ET A , ET B , or eNOS were observed when the absolute mRNA abundance was compared among treatment groups (data not shown). We chose to express mRNA expression of ET receptor in resistance arteries as the ratio of denuded over intact to determine whether overexpression of ET B in smooth muscle cells was one of the mechanisms underlying the increase in vascular response to exogenous ET-1. In all groups, we were able to establish that denuded arteries, in fact, were devoid of endothelium, as indicated by the less than 3% residual e-NOS mRNA expression compared with intact arteries. As shown in Fig. 8 , no significant sex differences were detected in the denuded-overintact ratio for ET A or ET B . Although there was a consistent trend for ET B expression in smooth muscle cells to be higher in betamethasone-exposed animals, it did not reach statistical significance when analyzed by sex or treatment. 
DISCUSSION
Epidemiological and experimental evidence supports a "fetal programming" mechanism for the development of hypertension in the adult offspring. Despite intense investigation into the mechanisms underlying fetal programming of adult hypertension, there is still no unifying hypothesis regarding the mechanisms and pathways involved. The results presented in this study are important as we show that betamethasone exposure programs the vascular resistance response to ET-1 in adult animals and that the effect of betamethasone on the in vivo response to exogenous endothelin ET-1 is sex-specific. The present study also confirms once again that antenatal exposure to clinically relevant doses of betamethasone is associated with an elevation of blood pressure.
Endothelin effects are mediated by ET A receptors found in smooth muscle cells and ET B receptors present in both smooth muscle and endothelial cells. Arteriole vasoconstriction induced by ET-1 is mediated by an increase in Ca 2ϩ influx and intracellular Ca 2ϩ release induced predominantly via ET A receptor activation and to a lesser extent via ET B receptor stimulation. Activation of the cyclic adenosine diphosphate ribose (cADPR) pathway is emerging as a fundamental mechanism for regulating diverse cellular processes, including ET-1-induced vasoconstriction in various types of smooth muscle cells (2, 14, 29, 34) . These effects of cADPR on intracellular Ca 2ϩ signaling are via ryanodine receptors (RyR) (12, 17) . ET B effects on smooth muscle reportedly are predominantly through activation of RyR and are, thus, to a great extent IP 3 R-independent (14, 35, 37) . In vitro, we have shown that partial ET B receptor blockade with BQ-788 had the opposite effect in betamethasone-exposed animals compared with vehicle-treated controls, suggesting an alteration in ET-1 signaling (23) similar to those described in hypertensive subjects (4) . Among the potential mechanisms underlying the development of hypertension following antenatal steroid exposure, an alteration in vascular reactivity is one of the least explored. Our study shows that antenatal betamethasone exposure increases the vascular response to ET-1 in vivo and that this betamethasone effect is sexually dimorphic. In this sheep model, males and females exhibit the same degree of hypertension and the same degree of nephron number reduction (10, 40) . However, we have shown that significant alterations in renal function are only evident in males (31, 32, 40) . Thus, the present finding provides a mechanism that may help explain why, despite the absence of detectable renal function deficits, females exhibit the same degree of hypertension as males. Furthermore, our data support the involvement of the cADPR/RyR signaling pathway in the observed increase in vascular response to ET-1.
The data presented show that following ET-1 stimulation, vasoconstriction is mediated to a great extent by stimulation of RyR and most likely through activation of the ADPR cyclase signaling pathway. The betamethasone effect found in female sheep was completely abolished by pretreatment with dantrolene a RyR channel blocker. The betamethasone effect was also significantly diminished when sheep were treated with a combination of BQ123 and niacinamide, suggesting that ET A receptors are critically involved in the betamethasone effect and that the signaling pathway includes the RyR/cADPR pathway. In smooth muscle cells, the most important endogenous modulators of ryanodine channel function are Ca 2ϩ and cADPR (5, 39) . Niacinamide is a by-product of the ADPR cyclase reaction, (6) and when it accumulates, it shifts the reaction toward NAD ϩ , thus decreasing the production of the second messenger cADPR (25) . In all groups, niacinamide altered the shape of the vascular resistance ET-1 dose-response curve, which became biphasic. At low ET-1 doses vascular resistance was decreased, whereas at higher doses the response was increased. This biphasic response can be interpreted as niacinamide having effects on both smooth muscle and endothelium. In vascular smooth muscle cells, niacinamide decreases cADPR synthesis (13); therefore, a diminished response to ET-1 stimulation is the expected outcome (41) . In vivo administration of niacinamide has been shown to decrease the response to ET-1 by renal arteries and in this vascular bed cADPR was shown to modulate the effects of ET-1 on both ET A and ET B (33) . In contrast, in endothelial cells, ET-1 stimulates NO production via ET B receptor activation, an effect thought important to counterbalance the vasoconstriction effects of ET-1. In bovine coronary artery endothelial cells, cADPR has been shown to be more important than IP 3 in stimulating NO production by eNOS (42) . The rise in intracellular calcium concentration following bradykinin stimulation was decreased significantly by niacinamide pretreatment, and this effect was shown to be mediated by cADPR and RyR. Treatment of endothelial cells with either ryanodine or the cADPR antagonist 8-Br cADPR before bradykinin stimulation elicited an equivalent response to that of the niacinamide effect on [Ca 2ϩ ] i (42) . In some hypertensive subjects, an alteration in the endothelin system has been proposed as the central mechanism (4, 26, 27) . Inhibition of ET A receptors caused a greater degree of vasodilatation in hypertensive subjects compared with normotensive subjects (4), whereas inhibition of ET B caused vasoconstriction in normotensive and vasorelaxation in hypertensive subjects (4) . These data suggest that in hypertensive subjects, an increase in the vasoconstrictive effect, but not a deficit in the vasodilatory effect, of ET B receptors contributes to the elevation in blood pressure. In the present study, we show that coadministration of BQ123 and niacinamide, but not niacinamide alone, abolished the betamethasone effect. Although not excluding it completely, this observation makes it less likely that upregulation of ET B receptors in smooth muscle is a major player. This observation is further supported by our findings of a lack of significant differences in ET A or ET B receptor expression in resistance arteries in betamethasone-exposed sheep.
The present study also shows that betamethasone has a sex-dependent effect on ET-1 responsiveness that is mediated by the activation of ET A and RyR receptors. This sex difference is in keeping with reports showing a more pronounced effect of ET-1 in females. In rats, ET B receptor deficiency is associated with a form of salt-sensitive hypertension that can be prevented by administering ET A receptor blockers (9) . Interestingly, contrary to most other models of hypertension, females have a greater rise in blood pressure and also a larger increase in oxidative stress (30) . The mechanism by which cADPR activates the RyR in smooth muscle cells is not completely understood, but mounting evidence implicates the FK-506 binding protein (FKBP) FKBP12.6 (3, 20, 36) . This ubiquitous accessory protein can bind to each of the four RyR monomers that constitute the RyR channel, but this interaction can be competed by the immunosuppressant molecule FK-506. When four FKBP12.6 molecules are bound to a RyR in smooth muscle cells, the RyR channel is stabilized in the closed position; thus, Ca 2ϩ release from the sarcoplasmic reticulum is inhibited. In the presence of FK-506, FKBP12.6 dissociates from the RyR, resulting in RyR activation and Ca 2ϩ release (3). Like FK-506, cADPR has been shown to bind FKBPs, promote their dissociation from the RyR, and stimulate Ca 2ϩ release (21) . Modulation of RyR function by FKBPs has also been shown to exhibit sexual dimorphism. In mice overexpressing FKBP12.6, the development of left ventricular hypertrophy following arterial pressure overload is observed much earlier in females compared with males (22) . On the other hand, in FKBP12.6-null mice, both males and females exhibit alterations in calcium-induced calcium release in cardiac myocytes, but only males develop ventricular hypertrophy (38) . Galfre et al. (11) have shown that in sheep heart, RyR binding of FKBP12.6 decreases Ca 2ϩ release from the sarcoplasmic reticulum by displacing another FKBP protein, FKBP12, shown to possess the opposite effect on channel permeability. However, it is not clear whether in vascular smooth muscle, both FKBPs are involved in the regulation of RyR function.
In summary, the study addresses the role of the vasculature on the programming effects of antenatal betamethasone in blood pressure control. We show a programming effect of antenatal steroids on the adult response to exogenous ET-1 that is sex-dependent and propose a causal relationship between this finding and the development of hypertension in females.
Perspectives and Significance
Administration of synthetic glucocorticoids in women threatened with premature labor remains the only effective treatment to decrease the incidence of acute respiratory distress in newborns of less than 32 wk gestation, and of those, more than 50% are treated at a time of rapid fetal growth and differentiation. Importantly, a large proportion of these fetuses deliver at or close to term and, thus, are comparable to our experimental paradigm. We provide evidence to support a distinct mechanism to explain the development of hypertension in females that helps explain the development of hypertension in the absence of alterations in renal function.
